We present an easy and efficient analytical method to design 160 Gbits/s densely dispersion-managed optical fiber transmission systems using Gaussian and raised cosine RZ ansätze.
where ψ is the slowly varying envelope of the axial electrical field, β and γ represent the groupvelocity dispersion and self-phase modulation parameters respectively. We assume the solution of the NLSE to be either in the form of Gaussian ansatz (f g ) or RC ansatz (f RC )
f RC = (x 1 /2)[1 + cos(πt/x 2 )] exp(ix 3 t 2 /2 + ix 4 ),
where x 1 , x 3 /(2π) and x 4 represent the pulse amplitude, chirp and phase, respectively. The full width at half maximum intensity (FWHM) pulse width of the Gaussian and RC ansätze are √ 2 ln 2 x 2 and 2x 2 cos −1 ( √ 2 − 1)/π, respectively. Using the pulse width and chirp dynamical equations derived with the help of collective-variable method [4] , we presented a fully analytical design for both Gaussian and RC ansätze [2, 3] .
A fundamental property of DM solitons in the lossless DM fiber system lies in the close relationship between the pulse energy and the average dispersion. The higher the magnitude of the average dispersion the higher the energy of the stationary pulses. A real DM fiber line contains optical losses, which cause the pulse energy to exponentially decrease along each amplification span. Before the novel idea of dispersion compensation, researchers were trying to design a dispersion decreasing fiber system to counter-balance the decreasing nonlinearity (due to optical losses). But the difficulty of fabricating such types of fiber has not made this concept a reality. However, by following this concept, average-dispersion decreasing densely dispersion-managed (A4DM) fiber systems were recently proposed as an effective way for improving the performance of high-speed optical transmission systems [5] . The A4DM fiber systems correspond to densely dispersion-managed (DDM) lines having a decreasing average dispersion from one map to another within each amplification period. The basic idea of our analytical design of the lossy system is similar that of A4DM fiber systems. That is, the idea is to divide the amplification span into several pieces, and treat them as lossless sub-systems like those considered in [2, 3] , but with exponentially decreasing energies from one sub-system to the next [5] . In other words, we treat every dispersion map within the amplification span as a lossless sub-system, which is designed in a such way that its average dispersion is closely related to the energy that the pulse will be having in that map. Thus, following this idea we can carry out the design of an A4DM fiber system through the following simple procedure for constructing any number of dispersion maps (N ) in one amplification period:
for n = 2, · · · , N, where L n− is the length of the anomalous dispersion fiber of the n th map, L is the map length, + and − represent the normal and anomalous dispersion fiber and T i designates the total losses in i th map. Note that in the presence of fiber losses only,
where α ± are the loss parameters for the two types of fibers.
represents the average dispersion of the first dispersion map. Now we show that Gaussian and RC pulses can execute long-distance and highly-stable propagation in a DDM line in which each amplification span is made-up of a repetition of a single type of map, which is a much simpler line than for the A4DM fiber system. Our DDM line possesses a constant average dispersion, say β m , which corresponds to the span average dispersion of an equivalent A4DM fiber system. Therefore we have
Then from β m and the map length L, we can immediately calculate the fiber lengths of the dispersion map (L ± ) of the DDM line:
Thus, the DDM fiber system is designed by a fully analytical procedure with two steps: First, one must design the equivalent A4DM line for the desired pulse and fiber parameters. Second, using the formula for β m and (5), one can calculate the fiber lengths L − and L + . It is worth noting that although both the DDM fiber system and the equivalent A4DM fiber system have the same following parameters: map length, amplification period, span average dispersion, input pulse parameters, their fast and slow dynamics may exhibit some slight differences, especially for long amplification periods. Indeed, in an A4DM fiber system, a constant ratio between nonlinearity and average dispersion is maintained, whereas in the equivalent DDM fiber system the ratio between nonlinearity and average dispersion varies around that constant value.
To illustrate the effectiveness of RC pulses we have considered the pulse propagation in a single channel line operating at 160 Gbits/s. Using the above analytical procedure on the basis of a Gaussian ansatz, we have designed a DDM fiber system with an amplification span of Z A = 25 km, a symmetric dispersion map made up of an alternating juxtaposition of Teralight and Reverse Teralight fibers, and the following parameters : second-order dispersion β ∓ =(8 ps/nm/km : −16 ps/nm/km); third-order dispersion (0.06 ps/nm 2 /km : −0.12 ps/nm 2 /km); effective core area (60 µm 2 : 25 µm 2 ); losses α ∓ =(0.2 dB/km : 0.28 dB/km); amplifier noise figure of 4.5 dB, Gaussian filters of bandwidth 1.4 THz (placed in-line at each amplifier site) to reduce the timing jitter. In these numerical simulations we have not included the effects of stimulated Raman scattering and polarization mode dispersion. For the simulations, we have solved the NLSE including the above mentioned higher-order effects. The transmission performance is evaluated by means of the amplitude and timing Q factors, Q A and Q T , respectively. We define the transmission distance, L max , as the maximum distance over which the smaller of the two Q factors, min(Q A ,Q T ), remains higher than 6. Hereafter, the Q factor is given in linear units. Q=6 corresponds to a bit-error ratio of 10 −9 . To obtain a fair evaluation of the system performance, we have carried out two series of simulations corresponding to Gaussian and RC input pulses, respectively. For the first series of simulations, the input (chirp-free) pulse was chosen to be a Gaussian pulse with a width of x 2 =1.18 ps and energy E=0.0165 pJ. For the second series of simulations, the RC input (chirp-free) pulses with x 2 =3.125 ps and same energy as for the Gaussian pulses (E=0.0165 pJ). The DDM transmission line was designed by use of the analytical formula (5), for a Gaussian ansatz. Hence we obtained the following fiber lengths for the dispersion map : L − =220.53 m and L + =110.20 m. The solid and dashed curves in Fig. 1 show the transmission performance of 128-bit PRBS patterns of Gaussian and RC input pulses, respectively. This figure demonstrates as general feature, a relatively high stability of the initially Gaussian and RC pulses, with similar performances over several thousands of kilometers (L max > 6 Mm). Hence, the remarkable fact is that similar performances are obtained with pulses having the same energy (E=0.0165 pJ) but quite different profiles, as can be seen in Fig. 2 , which shows the profile of a Gaussian input pulse (solid line) and a RC input pulse (dashed line). Thus, the results in Fig. 1 reveal a particularly interesting property of our DDM fiber system, that is, a certain tolerance of the system with respect to variation of pulse shape, enabling excellent transmissions over transoceanic distances for initially Gaussian pulses as well as RC pulses, in the same line. To conclude, we have presented an easy and efficient analytical design procedure for lossy DDM fiber system using the explicit solution of the pulse dynamical equations of both RC and Gaussian ansätze. Using our analytical design procedure, we have shown that RC pulses are as effective as Gaussian pulses as input pulses in DDM optical fiber systems designed for Gaussian pulses. Hence the output of the Mach-Zender modulators can be effectively utilized as the initial pulses for the return-to-zero (RZ) encoded transmission in DM fiber systems.
